Nineteen anaerobic ammonium oxidizing bacteria (AnAOB) species have been 16
respectively. Candidatus Brocadia caroliniensis predominated in all reactors, but a shift 23 towards Ca. Brocadia sinica was consistently observed with increasing ammonium and nitrite 24 concentrations beyond 270 mg NH4-N L -1 and 340 mg NO2-N L -1 , respectively. In the presence 25 of NO, growth of heterotrophs were inhibited, and Ca. Jettenia could coexist with Ca. B. 26 caroliniensis before diminishing when nitrite increased to 160 mg NO2-N L -1 . In contrast, 27 supplementation of organic carbon led to the emergence of heterotrophic communities that 28 coevolved with Ca. B. caroliniensis. Ca. B. caroliniensis and Ca. Jettenia preferentially form 29 biofilms on reactor surfaces, whereas Ca. Brocadia sinica forms granules in suspension. Our 30 results thus indicate that multiple AnAOB species co-exist and occupy sub-niches in anaerobic 31 ammonium oxidation reactors, that the dominant population can be reversibly shifted by, for 32 example, changing the nitrogen load (i.e. high nitrite concentration favors Ca. Brocadia 33 caroliniensis), and that speciation has implications for wastewater process design, with the 34 optimum cell immobilization strategy (i.e. carriers vs granules) dependent on which species 35 dominates. 36
INTRODUCTION 4
Elucidating factors that enrich for specific AnAOB species with specific kinetic and 71 physiological properties would potentially enhance process design and performance. AnAOB 72 exist in a range of conditions, such as sidestream and mainstream PN/A systems with high and 73 low ammonium/nitrite concentrations respectively, and many factors are likely involved in 74 species selection. Nitrite (NO2 -) acts as an electron acceptor for ammonium oxidation and 75 electron donor for bicarbonate reduction to biomass. It applies an AnAOB-species selection 76 pressure on the basis of their abilities to utilize it, but also tolerate it as NO2can be inhibitory 77 to their growth. A 50 % reduction in Anammox activity has been reported in AnAOB exposed 78 to concentrations between 100 and 400 mg N L -1 (16-18). Nitric oxide (NO), a potent oxidant 79 produced from nitrite as an important intermediate in the Anammox biochemical pathway (19, 80 20), is toxic to many bacteria; yet AnAOB can tolerate it at higher concentrations (21, 22). In 81 addition to potential selection pressures from nitrite and NO, the ability to also consume 82 organic substrates (i.e. acetate and propionate) conferred competitive advantages to Ca. B. 83 fulgida and Ca. Anammoxoglobus propionicus respectively, over other species including 84 denitrifers (6, 7). It remains to be determined whether selection of such 'facultative 85 chemoorganotrophs' would be favored in the complex organic carbon milieu present under 86 mainstream conditions. Nonetheless, the AnAOB occupy highly specialized niches that are 87 defined by more than just the concentrations of ammonium and nitrite. 88
The ability to enhance the activity of specific AnAOB species with favorable physiological and 89 growth properties is particularly advantageous when starting up and optimizing industrial 90 anammox processes. Inoculating from existing full-scale installations to start up Anammox 91 reactors is logistically challenging (11) or simply unfeasible owing to the sensitivity of the 92 process to feed composition, oxygen (12) and competing microbial species (23). High biomass 93 retention is required in Anammox reactors due to the slow growth rates of AnAOB. This can 94 be achieved by promoting biomass aggregation in biofilm-based Anammox reactors (24). 95 5 Biomass in an Anammox reactor can self-assemble into flocs in suspension, fixed films on 96 surfaces or carriers, small granules, big granules or some combination of all of these 97 morphologies (25). Such aggregates can play functionally different roles within the reactor and 98 even affect nitrogen removal efficiencies (26, 27). Understanding which factors drive species 99 selection and whether different species assume particular biofilm morphologies could inform 100 process design and control strategies for achieving more stable nitrogen removal by Anammox. 101
This work aims to describe how Anammox community composition, process performance and 102 biofilm morphology are shifted by factors typically encountered in industrial Anammox 103 systems (i.e. mainstream compared to sidestream). We hypothesized that different substrate 104 compositions, simulating a) organic carbon-deficient wastewaters with N-loads spanning 105 domestic mainstream and sidestream wastewaters (reactors R1) and with b) an oxidative stress 106 typically encountered in PN/A systems through the exposure to NO (reactor R2), or c) domestic 107 strength mainstream wastewater with high COD:N (reactor R3), could select for distinct 108 community, specifically AnAOB species. While some of these factors have been previously 109 investigated independently (17, 28), this study systematically investigates these factorson 110 AnAOB species selection from the same inoculum. Resolving the factors selecting Anammox 111 species is important for N-removal process design, and may contribute to the understanding of 112 niche partitioning in complex microbial/environmental habitats. 113
RESUTS 114

Start-up period reduced and N removal activity enhanced with NO supplementation. 115
AnAOB were successfully enriched under all tested enrichment conditions albeit with varying 116 start-up times. Start-up period was the shortest in R2 supplemented with NO and Anammox 117 activity was observed within 20 days of inoculation compared to 39 days for R1, operated 118 under standard enrichment conditions ( Figs 1A & B ). In the presence of complex organic 119 6 carbon in R3, Anammox activity was only detected after 50 days of operation ( Fig 1C) . In both 120 R1 and R2, ammonium and nitrite concentrations were increased to 280 mg N L -1 and 350 mg 121 N L -1 , respectively ( Fig 1A and B ), above which anammox activity was inhibited. In addition 122 to the shorter start-up period, a shorter HRT was applied to R2 than R1 due to higher N removal 123 rates of 1200 mg N L -1 day -1 compared to 800 mg N L -1 day -1 under stable operation ( Fig 1A  124 and B). Despite the higher loading rate, the suspended solid concentrations were comparable 125 in both reactors indicating a higher specific N removal activity for R2 than R1. A significantly 126 lower N loading rate of 121 ± 6 mg N L -1 day -1 was achieved in R3. Final effluent ammonium 127 concentration dropped steadily from day 58 to 80, with the reactor displaying stable ammonium 128 removal activity by AnAOB henceforth. Residual nitrite in the effluent also decreased 129 gradually from day 60 to 100 along with a decrease in ammonium concentration ( Fig 1C) . The 130 average TCOD and sCOD in the effluent were 87±9 mg L -1 and 51±8 mg L -1 , respectively with 131 an average removal rate of 520 mg L -1 day -1 from day 300 onwards. and R2 along with increasing N load, but not in R3 where low N load was maintained. 16S 135 rRNA gene amplicon sequencing showed that AnAOB were below the detection limit at the 136 start of reactor operation for all three reactors. In R1 and R2, OTUs annotated to AnAOB 137 increased progressively to 80% (day 110) and 90% (day 95) relative abundances, respectively, 138 at influent nitrite concentration > 200 mg N L -1 ( Fig 1A and B ). Despite the proliferation of 139 multiple OTUs affiliated to AnAOB in both R1 and R2, a single OTU annotated to Ca. 140 Brocadia, identified as Ca. B. caroliniensis by clone library analysis (Fig 2) , dominated 141 throughout the first 120 days of reactor operation. Ca. B. caroliniensis increased during 142 enrichment to 50% relative abundance in R1 and R2. However, a further increase in influent 143 ammonium and nitrite concentrations beyond 220 mg N L -1 from day 100 (N loading rate of 7 500 mg N L -1 -day -1 for R1 and 750 mg N L -1 -day -1 for R2) resulted in the gradual increase of 145
Ca. Brocadia_2, identified as Ca. B. sinica by clone library analysis (Fig 2) . 146 A decrease in Ca. B. caroliniensis was also observed ( Fig 1A & B) . Beyond 180 days of reactor 147 operation, Ca. B. sinica increased to 33% and 42% in relative abundance in R1 and R2, 148 respectively, while Ca. B. caroliniensis decreased to less than 10% in relative abundance in 149 both reactors. In the presence of COD, Ca. B. caroliniensis was the most dominant Anammox 150 taxon throughout the enrichment process in R3 when operated at a low N loading rate of 120 151 mg N L -1 day -1 (Figs 1C). However, the relative abundance of total AnAOB was significantly 152 lower in R3 (~50%) than in R1 and R2 (~80%), suggesting a more competitive environment 153 for AnAOB in the presence of organic carbon. FISH analysis ( Fig in R2 but not in R1 and R3. We posit that this was due to the presence of NO as it was the only 167 condition that differed between R1 and R2. However, during the enrichment process it was 168 8 unclear whether the NO effect was due to imposition of an oxidative stress or because it was 169 used as a substrate for ammonium oxidation. This could not be assessed because nitrite was in 170 excess during the enrichment. Hence, to investigate whether NO is consumed, nitrite was 171 systematically depleted in R2 (Phase II) while dosing the same amount of NO (Phase I). After 172 76 days of nitrite depletion, nitrite was gradually reintroduced in Phase III (Fig 4) . 173
Reducing the nitrite concentration resulted in a decrease in the relative abundance of Ca. B. 174 sinica in suspension while a slight increase was observed for both Ca. B. caroliniensis and Ca. 175 Jettenia in Phase II (Fig 4) . The presence of Ca. B. caroliniensis, absent in Phase I, was also 176 detected through FISH analysis in Phase II (Fig 4) . Batch activity tests conducted during Phase 177 II also showed a decline in the nitrite-dependent ammonium removal rate from 1352 mg N g 178 MLVSS -1 day -1 prior to nitrite depletion (Phase I) to 681 mg N g MLVSS -1 day -1 after nitrite 179 depletion (Phase II). Nevertheless, the overall activity in R2 was still higher than that in R1 180 even with a specific nitrite-dependent ammonium removal rate of 575 mg N g MLVSS -1 day -1 181 ( Fig 5) . Under normal operation (Phase I), the NO-dependent ammonium oxidation in the 182 absence of nitrite in both the reactors was insignificant, further supporting the hypothesis that 183 nitrite rather than NO is the preferred electron acceptor and ammonium removal cannot be 184 achieved by Ca. B. sinica via direct coupling to NO reduction. In contrast, the ammonium 185 oxidation rates with NO in the absence of nitrite increased more than five times in R2 at 440 186 mg N g MLVSS -1 day -1 after nitrite depletion in Phase II compared to 33 and 80 mg N g 187 MLVSS -1 day -1 in R1 and R2, respectively in Phase I under normal operation ( conditions. When stable enrichment was achieved, AnAOB biomass was present mainly as 211 suspended granules in R1 and R2 while biofilms attached to the reactor surface were 212 predominantly observed in R3 ( Fig S2) . When biofilm was transferred from the wall of the 213 reactor into suspension (as indicated by dotted line in Fig 1A -C) , a greater increase in the 214 MLVSS of R3 (around 1.5 g L -1 at day 230) was observed compared to the other two reactors 215 10 more attached biofilm growth in the primary effluent-fed reactor (R3, Fig 1C) . In addition, 217 when nitrite was reintroduced into R2 during experimental Phase III, Ca. B. sinica showed a 218 downward trend, more evident in the biofilm samples collected from the walls of the reactor 219 the relative abundance of predominant Ca. B. caroliniensis was four times higher in the 224 biomass collected from the wall than in suspension for R3 ( Fig 6) , further indicating that this 225 species has a tendency towards attached growth ( Fig 6) . While granules were found to form in 226 R1 and R2 ( Fig 3A and B) , with an average particle size of 1.52 and 1527.9 ± 0.078 µm (Table  227 S2) respectively, the morphology of aggregates in R3 was more floc-like ( Fig 3C) , with a 228 particle size of 310.4 ± 0.2 µm (Table S2) 13 not present in the inoculum. Therefore, it is possible that different species may emerge with 291 the conditions tested in this study depending on the AnAOB diversity in the inoculum (33). 292 NO can select for specific AnAOB taxa. NO was provided in R2 to exert oxidative stress 293 and also to potentially select for NO-utilizing AnAOB (34). While the presence of NO did not 294 appear to suppress the growth of AnAOB, the presence of NO provided a competitive 295 advantage to Ca. Jettenia in R2 to a maximum relative abundance of 23% along with Ca. B. 296 caroliniensis at low N loading (Fig 1) . Little is known about the ecological and metabolic proposed that this alternate pathway could potentially be activated under nitrite limitation. NO 317 was also shown to oxidize ammonium to dinitrogen gas under nitrite limitation in Ca. B. fulgida 318 (21) and canonical nirS was absent in its genome (36), suggesting the involvement of a yet-to-319 be identified nitrite reductase in Ca. Brocadia species for reduction of nitrite. 320
In contrast, when nitrite was present at significantly higher concentrations than NO, NO-321 dependent ammonium oxidation was negligible, further corroborating the assertion that nitrite 322 rather than NO was the preferred electron acceptor and that ammonium removal cannot be 323 achieved by Ca. B. sinica via direct coupling to NO reduction ( Fig 5) . 
The predominant AnAOB species determine biomass retention strategy. High retention of 329
AnAOB in reactors is a crucial factor for optimal operation due to the slow growth rate of these 330 bacteria. This can be achieved through biofilm attachment to carriers, formation of granular 331 biomass aggregate and other separation techniques such as membrane filtration to prevent 332 washout of AnAOB. The choice of biomass retention in Anammox systems may be guided by 333 the growth mode of prevailing AnAOB species and coexisting microbial community under 334 specific operational conditions. In this study, we demonstrated that the AnAOB community 335 and their aggregation states might be distinct under mainstream and sidestream conditions. Ca. nitrite limitation, suggesting that it has a high metabolic versatility, and is therefore more 364 16 competitive and persistent in mainstream systems. Their tendency to form attached biofilms 365 suggests that carrier systems would be a more suitable strategy for biomass retention. 366 nitrite concentration (39 to 350 mg N L -1 ) and 1.25 ml L -1 of trace mineral solution as described 385 by van de Graaf et al. (1996) . Argon/CO2 (95/5%) was sparged continuously at 25 mL min -1 386 throughout the anoxic phase to prevent ingress of oxygen in R1 whereas R2 was sparged with 387 both Argon/CO2 and NO with a combined sparging rate of 25 mL min -1 to a final NO gas 388 phase concentration of 400 ppmv to impose oxidative stress. The selected concentration of 400 389 ppmv was lower than the previously reported tolerance threshold of 600 ppmv for AnAOB 390 (22). R1 and R2 were operated in cycles of 12 h, each cycle comprised of 5 min of feeding, 391 108 min of anoxic cycle, 67 min of settling and decanting. Initial ammonium and nitrite 392 concentrations were maintained at 20 mg N L -1 within the reactor for the first seven weeks 393 resulting in a hydraulic retention time (HRT) of 24 h (two litres of synthetic waste water were 394 fed into the reactor each cycle). Upon achievement of 100 % ammonium removal, NH4 + and 395 NO2concentrations in the feed were then increased in steps of 20 mg N L -1 . Influent NO2 -: 396 NH4 + was maintained at a molar ratio of 1.3 close to theoretical stoichiometry (49). HRT was 397 gradually decreased from 24 h to 16 h for R1 and from 24 h to 12 h for R2, in accordance with 398 the N removal capacity. Thus, R2 was operated at a higher N loading rate compared to R1 due 399 to shorter cycle time concomitant with higher N removal rates in R2. The pH was not controlled 400 in either R1 or R2 and varied between 7.2 and 7.8. 401
R3 was operated in cycles of 8 to 12 h, each cycle comprised of 2 h feeding, 5 to 9 h anoxic 402 phase (depending on the cycle length applied), and 1 h of settling and decanting. Before 403 settling, the reactor was sparged with Argon/CO2 for 5 min to strip out the nitrogen gas 404 produced during the anoxic phase to improve sludge settle-ability. In each feeding period, 2 L 405 of primary effluent supplemented with nitrite was added, resulting in a HRT of 16 to 24 h. 406
Nitrite was adjusted according to the ammonium concentration at a molar ratio of 2:1 and stored 407 in a chiller at 4 o C to minimize degradation. The nutrient composition of primary effluent was 408 measured after addition of nitrite with average values shown in Table S1 . Slow feeding of 2 h 409 was applied to minimise oxygen introduction and temperature shock from primary effluent 410 stored in the chiller. The pH of the reactor was not controlled and varied between 7.6 and 8.5 411 due to denitrification activity. For enrichment purpose, the SRT was not controlled in all three 412 reactors whereby sludge loss only occurred through sampling for nutrient and solids analyses. This study
